Objective: The vasoconstrictor component of atherothrombotic culprit lesions in ST-elevation myocardial infarction (STEMI) patients has not been fully investigated. This study was aimed at assessing the vasoconstrictor component of atherothrombotic culprit lesions in patients with STEMI receiving primary percutaneous coronary intervention (PCI).
Introduction

I nvestigating vasoconstriction in culprit lesions
is important to assess the true vessel size, and to reduce the risk of vasoconstrictor reactions during the procedure. Although pretreatment with an intracoronary administration of nitroglycerin (NTG) is recommended to unmask vasoconstriction in elective percutaneous coronary intervention (PCI), its effect on atherothrombotic culprit lesion in ST-segment elevation myocardial infarction (STEMI) patients has not been fully investigated [1] .
In most STEMI cases, the main disease pathology is an atherothrombotic culprit lesion. The underlying plaque of the atherothrombotic culprit lesion is accompanied by endothelial disruption or denudation. Although these lesions may have a vasoconstrictor component, it is not easy to assess whether the occluded lesion with thrombus has a vasoconstrictor component. Therefore, assessing the true size of the vessel after relieving the vasoconstrictor component with flow improvement in culprit lesions of STEMI is a very important factor to determine the size and length of stent in primary PCI.
NTG is useful to avoid stent undersizing in PCI before assessing the reference vessel diameter [1] . Therefore, the objective of this study is to assess the vasoconstrictor component of atherothrombotic culprit lesions in STEMI patients receiving primary PCI before and after intracoronary NTG injection.
Materials and methods
Study population
This prospective multicenter registry study was carried out at three hospitals between September 2013 and December 2014. Consecutive patients presenting with STEMI undergoing primary PCI were included in this study. Fig. 1 shows the study flow chart. Patients with cardiogenic shock (blood pressure <90/60 mmHg), requiring mechanical support (intra-aortic balloon pump, extracorporeal membrane oxygenation, and pacemaker) and those known to have vasospastic angina were excluded from this study. Culprit lesions with thrombolysis in myocardial infarction (TIMI) 2 flow after revascularization with balloon angioplasty or thrombus aspiration were also excluded because the blood flow in those lesions did not fully recover. The culprit lesion was selected when the patient's TIMI flow was restored to normal, followed by intracoronary NTG injection to the lesion to analyze the blood vessel response. The study protocol was approved by the Ethics Committee in Ulsan University Hospital and was in accordance with the Declaration of Helsinki.
Study procedures
All patients were prescribed a loading dose of aspirin 300 mg and clopidogrel 600 mg. To maintain an activated clotting time !250 seconds throughout the procedure 100 U/Kg of unfractionated heparin was injected intravenously. The use of glycoprotein IIb/IIIa inhibitors during the procedure was at the discretion of the operator. If initial antegrade flow in the culprit vessel was not TIMI 3, mechanical reperfusion to restore coronary flow was carried out in the form of balloon angioplasty or thrombus aspiration as determined by the operator to achieve TIMI 3 antegrade flow. Angiogram time interval was defined as the interval between the first and second angiogram for the culprit lesion after intracoronary administration of NTG. PCI was performed according to the standard techniques. Stent length and size were decided by the operator based on the angiogram findings after NTG administration.
Study end points
The end points were the changes in lesion length, reference vessel diameter, minimal lumen diameter, and diameter stenosis after intracoronary NTG injection using two-dimensional quantitative coronary analysis (QCA). Coronary angiographies were analyzed using the Cardiovascular Angiography Analysis System (CAAS 5.10, Pie Medical Imaging B.V., Maastricht, The Netherlands) by an independent investigator who was blinded to the clinical data. After achieving TIMI 3 flow in the culprit vessel with or without mechanical reperfusion, lesion length, reference vessel diameter, minimal lumen diame-ter, and diameter stenosis at the culprit lesion were measured. Following this, 200 lg of intracoronary NTG was injected into the culprit vessel via the guiding catheter. After a time interval of at least 1 minute, lesion length, reference vessel diameter, minimal lumen diameter, and diameter stenosis at the culprit lesion were measured again in the same coronary angiographic view. An NTG responder was defined as the lesion with a decrease in diameter stenosis !4% after NTG injection, whereas NTG nonresponder was the lesion that did not meet this criterion.
Statistical analysis
All statistical analyses were conducted using SPSS (version 18.0; SPSS Inc., Chicago, IL, USA). Categorical variables were described as counts 
Results
Patient and procedural characteristics
One hundred patients with 100 lesions were included in this study (Fig. 1 ). The clinical, angiographic, and procedural characteristics according to the change of diameter stenosis with intracoronary NTG injection are described in Table 1 .
The mean age of patients was 56.1 ± 11.0 years and 84% were men. There was no significant difference in clinical characteristics between NTG responder and nonresponder groups. Culprit lesions were mainly located at the left anterior descending artery (50%), followed by the right coronary artery (37%), and left circumflex artery (13%). Thrombus aspiration was required to achieve TIMI 3 flow in 68 patients. After thrombus aspiration, there were no strokes or any complications. Four lesions had insignificant stenosis after thrombus aspiration and did not have stents implanted, two in NTG responder group and two in the nonresponder group. Only drugeluting stents (Xience (Abbott Vascular, Santa Clara, California, USA) and Endeavor stents (Medtronic Vascular, Santa Rosa, California, USA)) were used. There was no difference in the baseline lesion lengths before NTG administration in the NTG responder and nonresponder groups respectively (23.2 ± 6.1 mm vs.
25.2 ± 8.7 mm, p = 0.193). The lesion length was significantly decreased after NTG injection in the responder group, and the reference vessel diameter and minimal lumen diameter were improved after NTG injection in both groups. The diameter of stenosis was improved after NTG injection in the responder group. The number of stents and the mean diameter of stent used were not different but the total stent length was significantly shorter in the responder group compared with the nonresponder group (27.4 ± 11.6 mm vs. 33.7 ± 11.6 mm, p = 0.042).
End points
The mean time interval between baseline and repeat QCA findings following intracoronary NTG injection was 1.45 ± 0.87 minutes (median 1.0 minutes; Interquartile range: 1.0-2.0). Table 2 shows the change in the lesion length, reference vessel diameter, minimal lumen diameter, and diameter stenosis before and after NTG injection. The lesion length significantly decreased after NTG injection (24.1 ± 7.4 mm vs. 23.4 ± 7.6 mm, p = 0.001), and the reference vessel diameter and minimal lumen diameter increased significantly after NTG administration (2.7 ± 0.5 mm vs. 2.9 ± 0.5 mm, p < 0.001 and 0.9 ± 0.4 mm vs. 1.2 ± 0.5 mm, p < 0.001, respectively). The diameter stenosis also decreased significantly (66.6 ± 14.8% vs. 58.3 ± 16.1%, p < 0.001). A representative case is described in Fig. 2 .
The QCA analysis of responders and nonresponders before and after NTG injection is shown in Table 3 .
Discussion
The main findings from this study are: (1) the lesion length and the diameter stenosis signifi- Figure 2 . A representative case of ST-elevation myocardial infarction. A 57-year-old current male smoker was referred to our institution for chest pain at rest. Electrocardiogram showed ST-segment elevation in lead II, III, and aVF. (A) Coronary angiography showed total occlusion with thrombus in the middle segment of the right coronary artery (mRCA); (B) after thrombus aspiration, antegrade flow was normalized and the culprit lesion was seen with a diffuse long lesion; (C) however, intracoronary injection of 200 lg nitroglycerin resulted in the reduction of lesion length of the culprit lesion; (D) finally, a short single stent was implanted for the culprit lesion.
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The findings indicate that the angiographic assessment of stenosis severity of atherothrombotic culprit lesions in STEMI patients may be overestimated due to the presence of the vasoconstrictor component even after the restored antegrade blood flow. A routine pretreatment with intracoronary NTG injection is recommended to unmask vasoconstriction, to assess the true vessel size and to reduce the risk of vasoconstrictor reactions during the procedure [1] . Most patients with STEMI have some degree of coronary vasoconstriction and therefore intracoronary administration of NTG is recommended before starting the coronary angiographic sequence used for stent size selection [2] . The presence of thrombus can also lead to stent undersizing (or otherwise suboptimal deployment), which is a frequent cause of restenosis or stent thrombosis in real-life practice. Although the disruption of coronary atherosclerotic plaque complicated by thrombosis is the most common pathophysiological mechanism of acute coronary syndrome (ACS), coronary artery vasoconstriction is also considered an important causative factor in the pathogenesis of ACS [3] .
At present however, there is little information on the prevalence and clinical features of coronary vasoconstriction in patients with ACS [4] , especially in STEMI patients [5] . A recent study reported that 20% of patients presenting with ACS without obstructive coronary artery disease had coronary vasoconstriction in response to intracoronary administration of acetylcholine [6] , suggesting that coronary vasoconstriction is an important factor in ACS.
There is uncertainty regarding the cause-effect relationship between the occurrence of coronary vasoconstriction and thrombus formation [7] . However, what is known is that coronary vasoconstriction can cause coronary plaque progression and rupture of vulnerable plaques [8, 9] , even in nonculprit vessels during PCI in STEMI patients [10] . Furthermore, prolonged coronary vasoconstriction can induce a limitation to coronary flow, which can trigger acute thrombus formation through the activation of platelets and various adhesion molecules as well as fibrin formation [9] . In a previous study, which enrolled 240 ACS patients and examined 701 coronary arteries, atherothrombotic occlusive lesions were observed significantly more in spasm-positive compared with spasm-negative coronary arteries [11] . Although the cause-effect relationship between vasoconstriction and atherothrombotic lesions in ACS remains uncertain, a vasoconstrictor component may contribute to an overestimation in the severity of the coronary occlusion and thus pose Values are presented as n (%) and mean ± standard deviation. , with the exception of those patients with cardiogenic shock and critical stenosis or highly unstable lesions at nonculprit vessels [12] . Complete revascularization at the index procedure could expose the patient to additional and unnecessary risks including a longer procedure and increased contrast doses because of an overestimation of stenosis severity caused by vasoconstriction, which can occur in the acute STEMI setting [12] . NTG is a vasodilator that acts independently to the vascular endothelium by the intracellular production of nitric acid, resulting in relaxation of smooth muscle cells [13] [14] [15] . The resolution of vasoconstriction and the large thrombus burden associated with ACS in the first few hours to days after PCI may lead to stent undersizing and malapposition, which subsequently can lead to stent thrombosis or restenosis [16] . Studies have therefore emphasized the importance of correct sizing of stents, especially in those with a substantial thrombus burden and vasoconstriction [16] [17] [18] . The ability to optimize stent deployment not only improves clinical outcomes but can also be cost saving [19] . A previous study found the presence of vasoconstriction in nearly a third of culprit lesions in ACS patients treated with PCI. However, the vasoconstrictor component was assessed days after PCI was performed [11] . In the present study, we assessed the vasoconstrictor component in culprit lesions with normal antegrade blood flow prior to PCI. The significant decrease in lesion length and increases in reference vessel diameter and minimal lumen diameter after NTG injection support the presence of a vasoconstrictor component in patients with STEMI. Moreover, there was also a decrease of the total stent length and a trend towards implanting fewer stents in culprit lesions of responders compared with nonresponders. This implies that the application of intracoronary NTG prior to deciding stent size may assist in the selection of the most appropriate stent length and size, and thus may avoid additional stenting and stent malapposition.
The mean time interval between baseline and repeat QCA findings was 1.45 ± 0.87 minutes. It is essential that operators performing primary PCI in STEMI patients act rapidly to restore coronary blood flow in the occluded artery to stop evolving ischemia. However, once TIMI 3 flow has been restored, time can be taken to ensure an appropriate stent is selected. In an intravascular ultrasound (IVUS) study, there appeared to be a higher incidence of stent malapposition in STEMI compared with stable angina [20] . In stable patients, the incidence of stent malapposition was 4-22% [21] , whereas further IVUS study of STEMI patients reported stent malapposition at 33-39% [22] . An independent predictor of acute stent malapposition is stent underexpansion caused by inappropriate sizing, which has been associated with stent thrombosis and restenosis [17, 19] . Although thrombus resolution, plaque regression, and positive remodeling are the main causes of late stent malapposition, vasoconstrictor component at the index event may be a possible cause of late stent malapposition.
In the present study, although we included patients with TIMI 3 antegrade flow after balloon angioplasty and thrombus aspiration, these patients showed a larger vessel size after NTG injection. Therefore, the use of NTG prior to stenting in STEMI culprit lesions can help overcome coronary vasoconstriction and thereby enable a better assessment of the vessel size for final stent sizing by the operator.
Study limitations
This study has some limitations. Firstly, selection bias may have occurred in individual cases. Only patients achieving at least TIMI 3 following balloon angioplasty and thrombus aspiration were included in the study. This was a requirement as the lumen size is dependent on coronary flow velocity [23] , and our intention was to assess the vasoconstrictor component in the STEMI culprit lesions by angiography. In other words, we first tried to normalize the antegrade flow, minimize the effect of flow dependent vessel size change, and then identify the vasoconstrictor component using NTG injection. Secondly, the nature of this registry does not allow for comparison with a reference technique. Thus, it is essential to perform a prospective randomized trial to compare the acute and late stent malapposition rates using intravascular imaging modalities such as IVUS or optical coherence tomography and the clinical outcomes of angiographic assessment with or without vasodilator use prior to PCI.
Conclusion
This study showed the presence of a vasoconstrictor component of atherothrombotic culprit lesions in STEMI patients receiving primary PCI. This vasoconstrictor component should be given consideration even in emergent STEMI patients. The administration of intracoronary vasodilator such as NTG prior to stent implantation will enable appropriate and adequate stent sizing.
